as methane ( C a ) in natural gas to useful products such as gasoline or methanol. An important question is whether metal-containing catalysts can bind (coordinate) these inert alkane molecules to the metal center via their C-H (3 bonds at ambient conditions. Equally important is whether the strong C-H bonds can be broken in controlled fashion to provide the modus operandi for catalysis.
As models for the above, our project has focused on the binding and cleavage of similar CJ bonds such as H-H and Si-H on metal complexes [ 1-123. Stable metal-alkane complexes held together by M-C-H interaction are unknown despite the best efforts of chemists worldwide. Coordination of methane does occur on highly-reactive photochemically-generated fragments such as Cr(CO)s but only at very low temperatures [13]. Very low binding energies are present (5-10 kcal/mol) because the hydrocarbon cannot easily donate and/or accept electrons to/from the metal delectron orbitals, which is the basis of all metal-substrate binding. Molecules such as methane and dihydrogen (€32) possess only inert 2-electron sigma (a) bonds and cannot easily hold onto the metal to be catalytically converted. However, we made the startling discovery that H2 forms stable complexes via a type of nonclassical chemical bonding (two electrons joining together three atoms) that was previously thought to be too unstable to exist In M-H2 binding, backdonation from a filled metal d-orbital (shaded) to the CY* antibonding H2 orbital strengthens the interaction as in metal-pi bonding. Importantly, this type of bonding is extendible to any 2-electron bond such as C-H, Si-H, C-C. Also crucial is the activution (weakening) of the CY bonds towards rupture, which is the basis of industrial catalysis and biological enzymatic processes. We have demonstrated that side-on bonded H2 lies on the reaction The research with Eckert and Hay was supported on a previous LDRD program. This work
In the right side of Scheme 1, replace any or all of the H atoms by other atoms and one can see the variety of possible reactions by bond breakinglmaking and elimination of ligands at a metal center. One of our goals has been to study such interligand hydrogenhydride interactions using techniques such as inelastic neutron scattering (INS) and quasielastic neutron scattering (QNS).
The activation on metals of Si-H bonds in silanes, SiHxF&, which are analogous to hydrocarbons, can be studied much like the H-H bonds. Metal-silane complexes are known [7, 20] but have not been studied in great detail, especially on our complexes. The objectives of our work thus includes studies of silane activation on the same complexes that coordinate H2, and a comparison of Si-H versus H-H cs bond coordination and cleavage. This could lead to valuable information applicable to hydrocarbon activation. As will be discussed below, we have now observed the first example of reversible cleavage of a sigma bond other than H-H, namely the Si-H bond in SiH,, representing a direct model for methane binding and activation.
.
Importance to LANL's Science and Technology Base and Nationai R&D
Needs
Major technical impact would be expected for the development of new conversions of methane-like molecules. For example, reactions of hydrogen are by far the world's largest chemical reactions (all petroleum is treated with hydrogen and 10 billion tons of ammonia are produced annually), wherein the H-H bond is broken on metal catalysts before reaction occurs. However analogous selective catalytic reactions of methane are unknown. A metal-complex system that reversibly and selectively binds small molecule substrates could also be valuable in separations technology, analytical/sensor applications, and hydrogen or other gas storage. Our metal-phosphine complexes are excellent performers here, readily binding a wide variety of gases (H2, N2, Si&, NH3) and releasing them reversibly in vacuo or above room temperature [10, 21] . The bulky phosphines induce rernarkahle size selectivity, e. g. ethylene binds but not larger olefms. Isotopic exchange is another capability of these complexes, which completely equilibrate H2 + D2 = 2HD, even in the solid state. Lastly, according to our recent calculations, the isotopic forms of H2 (D2, T2) can conceivably be separated at room temperature on dihydrogen complexes, with a better separation factor than the current cryogenic methods. Tritium separation from other hydrogen isotopes is clearly in the interest of the DOE.
. Scientific Approach and Accomplishments
The complexes that we are continuing to study [ 1 -3,5,9,10,14,16,2 1-23] are electronically unsaturated complexes such as M(C0)3(PR3)2 that are similar to the unstable M(CO)5 systems [13] that bind hydrocarbons at low temperature.
UNSATURATED METAL-PHOSPHINE COMPLEXES
The bulky phosphines in these derivatives confer both stability and stereoselectivity to the system but in some cases (left) at a price, namely the "agostic" interaction [3, 21] between an organic C-€3 bond on the phosphine and the metal. Although this internal G interaction is weak (binding energy -5-10 kcdmol) and easily displaced by external ligands, it is entropically favored over weak external ligands such as alkanes. Both the established Cr, Mo, W complexes and newer posirively-charged cationic complexes such as the manganese-diphosphine (51 and platinum species [9] have been examined for weak-ligand binding. The Mn complex contains an unusual double agostic interaction ( Figure 2 ) and is very reactive because it contains an electron-poor metal center that desperately seeks electron donation to it. The anion here and for the Pt cation must be noncoordinating (a fluorinated BPh4 The NMR spectra of these complexes in solution indicate that the silane is regarded as one ligand with the midpoint of one Si-H bond taking up a coordination site cis to the CO ligand. The side-on bonded silane coordination in is established by the observation of reduced JSCH NMR coupling constants for the bound Si-H bonds. The molecular structure was determined by a single crystal X-ray diffraction analysis (Figure i) , and the results confirm the coordination of the Si-H bond.
The molybdenum-bound Si-H(l) bond is signiiicantly lengthened (1.78 A) relative to the tenninal Si-H(2) (1.42 A) and Si-H(3) (1.41 A) bonds, which suggests substantial Mo to Si-€3 backdonation leading to Si-H bond lengthening. It is noteworthy that the silane ligand and the CO ligand are cis to each other while in the corresponding compounds containing an H2 ligand or an agostic C-H bond, the CO is trans to the H2 ligand or the agostic C-H bond. This indicates that a silane is better x acceptor (backbonder) than H2 or an agostic C-H. This model of Si-H binding and bond activation agrees well with the situation for the prototype H2 complexes. Importantly, these are the first systems in which H2, silane, and agostic C-H bonding is observed on the same metalfragment.. This allows direct comparison of bond activation and shows that more backbonding is needed to both stabilize and cleave Si-H bonds Thefirst examples of stable metal SiH4 complexes, 4u, were discovered [2] :
X-ray crystallography showed a similar structure to those in Figure 1 . Remarkably, in solution 4a
is in equilibrium with its seven-coordinate hydridosilyl tautomer 4b. The coordination of S3& in 4a followed by Si-H bond cleavage to give the hydridosilyl species 4b serves as a model for methane coordination and activation. This is thefirst example of such a bond breaking/formation equilibrium other than for the H-H bond. NMR studies yielded thermodynamic data for the conversion of 4a to 4b remarkably similar to that for W(C0)3(PR3)2(H2)<->WH2(C0)3(PR3)2 [26] . We have recent evidence that the GeQ congener may bind like Sw. Summarizing, sigma bond activation follows a relatively simple model yet offers a wealth of opportunity for study. There are at least four primary variables in M(X-H) systems influencing the electronics: M, X, and the substituents at both M and X. The bonding of CT ligands to metals has two components: "forward" and "back" bonding. It now appears to be possible to sort out and isolate these effects by suitable manipulation of metaVligand sets. Correlations should hopefully be valuable in defining electronic structure requirements for the optimal design of metal fragments for CY bond activation, especially hydrocarbon coordination.
Dvnamics of Bound Hvdrocen. We have recognized the potential of quasielastic neutron scattering (QNS) to investigate of the details of the rapid H2-hydride atom exchange that occurs in virtually all compounds with H2 adjacent to (cis to) H atoms on a metal (Scheme 1 above). A compiex with the hydride ligand cis to the H2 should show increasingly strong interaction between the two as a function of temperature. including possibly exchange. This might affect the rate of rotation of the H2 ligand ils it becomes increasingly "aware" of the neighboring hydride's electrons and could be reflected in non-Arrhenius like behavior of the quasielastic linewidth. We have now analyzed QNS data collected at temperatures up to 325K on instruments in France on several H2 compounds, including (1) [FeH(H2) 
IrClH2(H2)(PiPr3)2 [17h]; and (4) RuH2(H2)2(PCy3) 2 [12] . The temperature dependence of the spectral linewidth can be fitted to an Arrhenius law which gives an activation energy for the rotation of the H2 ligand. For compounds 1-3 we obtained values that were 30-5096 of the experimentally determined barriers to rotation. This is very surprising as one would expect that at these temperatures the rotation would be essentially classical, i.e. thermally activated rotational hopping over the barrier. It is therefore apparent that even at room temperature the rotational motion of the dihydrogen ligand is at least in part quantum mechanical. Similar effects are known for the translational diffusion of hydrogen in metals, where activation energies can be substantially lower than potential well depths. The dynamics of H2 in 2 and 3 differ substantially from that of 1, where the H2 and H are not cis. This may be due to interaction with the cis -hydride in 2 and the very rapid exchange between hydride and H2 ligands that is known to occur in 3. At this stage it is necessary to devise and test possible models for the H2-hydride dynamics in 2 and 3. Some qualitative conclusions can nonetheless be reached. The data for 3 are remarkable in that they show nearly free rotation of the H2 ligand that appears to be broadened by a distribution of potentials much like that for disordered systems, e.g. methane impurities in solid rare gas matrices. This is likely to arise from the rapid H2-hydride exchange in which the H2 may rotate at various points of the exchange process [ 17hl.
The INS spectrum of 4 at temperatures below 75K consists of the usual pair of bands from the rotational transitions [17] within the librational ground state at +/-4.7 cm-1 (Figure 4) [12].
These can be interpreted in terms of planar rotation in a double-minimum potential well to yield a barrier to rotation of 1.1 kcal/mol. The structure of these bands may be attributed to the effect of interactions between the two dihydrogen ligands. As the temperature is increased ( Figure 5 ) the tunneling peaks shift to lower energy and broaden in the usual manner where the width shows an Arrhenius type temperature dependence with an activation energy of only -0.4 kcal/mol. In addition, a broad quasielastic feature appears below the inelastic peaks at <75 K. The rotational tunneling peaks coalesce into a broad quasielastic line below the elastic peak at <150 K. The width of this line continues to increase with temperature up to 250 K, the highest temperature reached in this experiment. The activation energy derived from the temperature dependence of the width of this quasielastic line is 0.25 kcal/moi. In addition, a second, more narrow quasielastic component (Figure 6 ) is evident at 250K with a width of approximately 4 cm-l. The increase in width of the rotational tunneling transition lines as a function of temperature is the result of inhomogeneous broadening from coupling to the phonon bath and of the incoherent H2 exchange processes that we recently described [ 111. The observed non-Arrhenius behavior (i.e. the two different activation energies for different temperature regimes reported above) is consistent with superposition of these processes. It should be noted that both of these activation energies are well below the height of the barrier to rotation. It is also interesting that at the temperature at which the rotational tunneling lines coalesce into a quasielastic line (-150 K), NMR data demonstrate the existence of rapid intramolecular hydrogen exchange even though the activation energy for the latter process is much higher than those observed by INS for the rotational motions. It is therefore reasonable to assume that in this interconversion of hydride and H2 ligands the latter are subject to a variety of environments in addition to that of the coordination sites. This may account for the INS observations at 75 and 100 K, i.e. that the sharp rotational tunneling bands arise from rotational transitions of H2 located in their well-defined potential wells while the broad quasielastic component below the rotational peaks may be due to H2 affected by the rapid exchange of hydride and H2 ligands.
INS studies on TpRhH2(H2) (Tp= tris-(3,5-dimethylpyrazolyl)borate) gave a low rotational barrier of 0.56 kcal/mol and an H-H distance of 0.94 A [6] . These values indicate that backbonding is relatively weak and/or an interaction between the H2 and the cis-hydride ligands lowers the barrier for H2 rotation. IrIH2(H2)(PPri3)2 (H-H= 0.86 A) also had a small barrier of only 0.98 kcal/mol similar in magnitude to the barrier to interconversion of the H2 and hydride ligands, raising the possibility that these two processes are coupled [4]. 200K ( ---.-) and 250K (----) .
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